The potato A potyvirus (PVA)-encoded proteins P1, HC-Pro, P3, CI, VPg, NIaPro, NIb and coat protein (CP) were expressed as 6iHis-tagged recombinant proteins in Escherichia coli and purified to homogeneity. RNA binding was tested using purified proteins in Northwestern and liquid assays. PVA proteins except P3 bound to positive-and negativesense transcripts prepared from the nontranslated 5h-and 3h-regions of PVA genomic RNA and to fulllength transcripts of PVA RNA. RNA binding by these proteins showed no sequence specificity since they also bound to various non-PVA control RNAs. Binding properties of P1, HC-Pro, CI and NIaPro are consistent with previous studies carried out on a few other potyviruses, but the binding of VPg, NIb and CP to RNA reveal novel interactions between RNA and potyvirus proteins. Furthermore, the RNAbinding properties of all major proteins of a potyvirus have not been reported previously.
Potyvirus RNA contains a covalently linked VPg protein at the 5h end, a poly(A) tail at the 3h end and is translated into a single polyprotein, which is processed by three virus-encoded proteinases into as many as ten mature functional proteins : P1, HC-Pro, P3, 6K1, CI, 6K2, VPg, NIaPro, NIb and coat protein (CP) (Riechmann et al., 1992) . Several potyvirus proteins are multifunctional. CP is involved in aphid transmission (Atreya et al., 1990) , virion formation and virus movement (Dolja et al., 1994) . P1, HC-Pro and NIaPro are virus-specific proteinases (Dougherty & Semler, 1993) and P1 functions also as a transactive accessory factor during genome amplification (Verchot & Carrington, 1995) . HC-Pro is needed for virus transmission by aphids (Atreya et al., 1992) and systemic spread in plants (Klein et al., 1994) . The 6K2 protein has been shown to be an endoplasmic reticulum association factor Author for correspondence : Andres Merits (at address 1).
Fax j358 9 70859366. e-mail Merits!operoni.helsinki.fi and CI to be an RNA helicase (Ferna! ndez et al., 1995) . VPg is important for virus genome amplification (Schaad et al., 1996) and virus movement (Schaad et al., 1997 b) . NIb is a potyvirus RNA polymerase (Hong & Hunt, 1996) .
The replication cycle of an RNA virus in the host plant includes RNA uncoating, virus genome amplification, cell-tocell and long-distance movement and virion formation. In all these processes, interaction(s) between viral genomic RNA and viral protein(s) may play a crucial role. Therefore, RNAbinding properties of several potyvirus-encoded proteins have been studied and reported for the following proteins : P1 of tobacco vein mottling potyvirus (TVMV) (Brantley & Hunt, 1993) and turnip mosaic potyvirus (TuMV) (Soumounou & Laliberte, 1994) , HC-Pro of potato Y potyvirus (PVY) (Maia & Bernardi, 1996) , CI of plum pox potyvirus (PPV) (Ferna! ndez et al., 1995) and tamarillo mosaic potyvirus (TaMV) (Eagles et al., 1994) , and NIaPro of tobacco etch potyvirus (TEV) (Daro' s & Carrington, 1997) . All these proteins were found to bind RNA in a sequence-independent manner. NIb of TVMV can use different heterologous templates in an in vitro RNA polymerase reaction (Hong & Hunt, 1996) , which also suggests that it may bind to RNA in a sequence-independent manner. The VPg of TEV has been reported not to bind RNA (Daro' s & Carrington, 1997) , but no data about RNA-binding properties of P3 and, surprisingly, for CP have been reported. The RNA-binding properties of all the proteins of a single potyvirus have not been studied. Therefore, in this study we have carried out a comprehensive analysis of RNA-binding properties of all potato A potyvirus (PVA)-encoded proteins (Puurand et al., 1994) , except for 6K1 and 6K2.
PVA-specific proteins were expressed as N-terminal fusions in Escherichia coli. Primers, corresponding to the ends of processed protein products, were designed to also contain suitable restriction endonuclease cleavage sites and initiation-(5h primer) or termination codons (3h primer) ( Table 1) . PVA cDNA fragments were amplified using appropriate pairs of primers and infectious cDNA (icDNA) (Puurand et al., 1996) as template in PCR reactions, transferred into pGEM-T vector (Promega) and sequenced. Correct fragments were cloned into pQE30 as 6iHis fusions (Qiagen). The resulting expression plasmids were used to transform E. coli strain M15 (Qiagen). 
Expression of 6iHis-fused proteins was carried out according to manufacturer's protocol. Most proteins, except P1 and P3, were expressed at high levels and formed inclusion bodies in the bacterial cells. The correct size of the expressed proteins was verified by mobility during SDS-PAGE (Fig. 1 a) . Additionally, PVA CP and the 6iHis-tagged proteins were tested by Western blotting analysis using PVA CP polyclonal antibodies (Boehringer Mannheim) and a specific monoclonal antibody to RGS(His) % epitope (Qiagen), respectively (data not shown). The 6iHis-P3 of PVA was not detectable, indicating that it might be toxic for E. coli cells under the conditions used (j37 mC, 2 mM IPTG). However, expression of the 6iHis-P3 protein of PVA was detected by monoclonal antibody to RGS(His) % epitope if the temperature was reduced to 16 mC and IPTG was used at a final concentration of 0n2 mM.
Preparative quantities of 6iHis-tagged PVA proteins P1, HC-Pro, CI, VPg, NIaPro, NIb and CP were purified to near homogeneity from inclusion bodies (in the case of P3, total cell lysate was used) by immobilized-metal-affinity chromatography on Ni-NTA resin (Qiagen) under denaturing conditions (Fig. 1 a) . Rapid dialysis of protein solutions against multiple changes of buffer (10 mM Tris-HCl, pH 7n5) at room temperature was used for protein refolding. No difficulties were observed in renaturation of P1, CI, VPg, NIaPro and CP, but HC-Pro, P3 and NIb refolding was possible only if the protein concentration was 20 µg\ml or less. Purified 6iHis-CI showed NTPase activity, providing additional evidence that, at least in this case, refolding of protein was successful (data not shown). All the proteins obtained were stable in solution at room temperature for at least 24 h. Before use for liquid binding assays, protein solutions were centrifuged at 10 000 r.p.m. for 5 min in a table-top centrifuge.
The $#P-labelled RNA transcripts used as probes and\or controls and the unlabelled RNA transcripts used as competitors were produced using the in vitro transcription systems Riboprobe and Ribomax (Promega), respectively. The following probes were obtained : the 5h-nontranslated region (NTR) of PVA RNA [160 nucleotides, both (j) and (k) sense], the 3h-NTR of PVA with poly(A) tail [260 nucleotides, both (j) and (k) sense] and the full-length transcript from the icDNA clone of PVA (Puurand et al., 1996) . Additionally, RNA transcripts from potato virus X (PVX), cocksfoot mottle virus (CfMV) and plant and animal genes were used. Transcripts were quantified by measuring absorbance at 260 nm and, in the case of labelled transcripts, β-radiation.
The RNA-binding activity of recombinant PVA proteins was analysed by Northwestern blot assay (Daro' s & Masson et al., 1993) with some modifications. One µg of each purified protein was subjected to 10-12 % SDS-PAGE and transferred electrophoretically to Immobilon-P membranes (Millipore). Membranes were blocked for 1 h in RNA binding buffer (20 mM HEPES, 6 mM Tris-HCl, 25 mM NaCl, 5 mM MgCl # , 1 mM EDTA, 1 mM DTT, pH 7n0) plus 5 % nonfat milk, and then washed with the RNA binding buffer. Proteins were denatured by two successive incubations for 5 min in 6 M guanidine hydrochloride in RNA binding buffer and renatured by incubation in gradually decreasing concentrations of guanidine hydrochloride (3, 1n5, 0n75, 0n38, 0n19 and 0 M) in RNA binding buffer (10 min in each). Membranes were incubated in RNA binding buffer plus 0n1 % Nonidet P-40 for DBCE (b) (a) Fig. 1 . (a) PVA proteins were expressed in E. coli, purified with Ni-NTA resin and analysed by 10 % SDS-PAGE. All PVA proteins in the figure are 6iHis fusions. Bio-Rad kaleidoscope molecular mass standards were used (mol. mass in kDa indicated on the left). The gel was stained with Coomassie Blue. (b) Autoradiography of the Northwestern blot of purified PVA recombinant proteins probed with PVX 32 P-labelled transcript in the presence of 300 mM NaCl in RNA binding buffer with 0n1 % Nonidet P-40. Images in (a) and (b) were scanned with a ScanJet 3C scanner (HP) and processed with Designer 6 software (Micrografx).
10 min to 24 h (with several changes of buffer) at room temperature and further incubated for 1 h with 10' c.p.m. (6-10 ng)\ml of $#P-labelled transcripts in the same buffer. Finally, membranes were washed four times (10 min) with the RNA binding buffer plus 0n1 % Nonidet P-40, dried and subjected to autoradiography. To study the stability of the complexes formed, different concentrations of NaCl (25, 100, 200, 300, 400 and 500 mM) were used in the RNA binding and membrane washing solutions.
Seven PVA-encoded proteins (P1, HC-Pro, CI, VPg, NIaPro, NIb and CP) bound RNA as 6iHis fusions in the presence of 300 mM NaCl (Fig. 1 b) . Binding of all the aforementioned RNA transcripts occurred with similar efficiency and the relative stability of RNA-protein complexes formed by different RNAs and PVA proteins at different NaCl concentrations (25, 100, 200, 300, 400 and 500 mM) was similar. These results indicated that the binding of the PVA proteins is sequence-nonspecific. No RNA-binding activity was observed for any protein molecular mass marker or BSA, used as controls. RNA-binding activity of P1, CI, VPg, NIaPro and CP was apparent already 10 min after renaturation and was not increased by prolonged incubation (24 h). In contrast, RNA binding of HC-Pro and NIb was detectable only after incubation for several hours. This observation is consistent with the effects of protein refolding and suggests that longer renaturation time was needed for HC-Pro and NIb to obtain the active conformation required for RNA binding. No RNA binding was observed with 6iHis-P3 (Fig. 1 b) and this result did not change when increased time was used for the renaturation of the protein.
The RNA-binding properties of PVA proteins were also tested using a liquid assay. Increasing amounts of purified proteins (2-500 ng) were mixed with 7i10& c.p.m. of $#P-labelled RNA transcripts (3n5-5n0 ng) in a buffer containing 10 mM Tris-HCl, pH 7n5, 1 mM EDTA, 100 mM NaCl, 0n25 % Triton X-100 and 10 % glycerol, incubated 25 min at room temperature, and filtered through glass microfibre filters (Whatman). Filters were washed with the buffer containing 10 mM Tris-HCl, pH 7n5, 1 mM EDTA, 100 mM NaCl, 0n1% Triton X-100 and 1iDenhardt's reagent and counted for β-radiation. Results obtained for PVA proteins P1, HC-Pro, CI, VPg, NIaPro, NIb and CP were consistent with the Northwestern assay and showed that these proteins bind RNA in a sequence-nonspecific manner (Fig. 2 a, b) . No RNA binding was observed with 6iHis-P3 (Fig. 2 b) . It is evident that P1, HC-Pro, VPg and NIaPro have higher RNA-binding affinity than CI, NIb or CP (Fig. 2) . However, we cannot be sure whether these differences reflect different RNA-binding constants for different proteins or are the consequences of different efficiencies of protein refolding and\or protein aggregation in solution, since CI, NIb and CP form inclusions and virus-like particles, respectively in infected cells. Therefore, no proteinspecific binding constants were calculated.
It is logical to assume that RNA sequence-specific interactions may occur between 5h-and\or 3h-terminal structures of potyviral RNA and the VPg (as possible primer for transcription), as well as NIb, the RNA-dependent RNA polymerase. Potyvirus CP also might specifically interact with the putative origin of assembly of potyviruses, presumably located in the 5h-or 3h-region of the RNA genome. The possibility of specific RNA-protein interactions was tested using competition assays in which labelled transcripts and unlabelled homologous or heterologous RNAs were mixed with proteins in the liquid RNA-binding reaction. In this test, the amounts of the $#P-labelled transcripts (1 ng) and the protein (10-200 ng for different PVA proteins) remained constant and increasing amounts (from 0n5 to 100 ng) of unlabelled transcripts were added. Although various combinations of labelled and unlabelled transcripts were used, we were unable to detect a significant preference for any PVA- specific or non-PVA RNA transcript by any tested protein. As little as 2-3-fold molar excess of unlabelled RNA was sufficient to reduce the binding of the labelled transcript by 50 %. Thus, the unlabelled RNA competition assay also indicates that the interactions between PVA-encoded proteins VPg, NIb and CP and RNA are sequence-nonspecific.
This study has revealed that seven PVA-encoded proteins (P1, HC-Pro, CI, VPg, NIaPro, NIb and CP) bound RNA in a sequence-unspecific manner. In contrast, no RNA-binding activity was observed with P3. Our findings on P1, HC-Pro, CI and NIaPro of PVA were consistent with previously published data for the corresponding proteins of other potyviruses (Brantley & Hunt, 1993 ; Soumounou & Laliberte, 1994 ; Maia & Bernardi, 1996 ; Eagles et al., 1994 ; Ferna! ndez et al., 1995 ; Daro' s & Carrington, 1997) . However, the RNA-binding properties of VPg, NIb and CP have not been previously reported. For example, the VPg of TEV was not identified as an RNA-binding protein in a previous study (Daro' s & Carrington, 1997) . The reason for and possible biological significance of this difference remains unclear.
Our findings also raise the possibility that potyvirusencoded proteins may also interact with host-cell RNAs. This interaction may be one of the mechanisms by which potyviruses interfere with host-cell metabolism. Although individual PVA proteins failed to bind RNA sequence specifically, it is possible that complexes formed by several PVA proteins in infected cells may have this activity. More experiments are needed to elucidate the functional significance of the RNA-protein interactions in the potyvirus replicative cycle.
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